Objective: Morbidity due to sternotomy continues to be a significant clinical problem. Poor approximation of the sternum may lead to complications such as sternal dehiscence, infection, and pain. A device to assist in tensioning and twisting standard steel wires during sternal closure has been developed (TORQ TM sternal closure device). Manually tightened interrupted wire closures were compared with those tightened and secured with the aid of the device. Performance of the device was assessed clinically. Methods: Four cardiovascular surgeons performed manual and device-assisted closures on a biofidelic model. Closure force was measured to determine the residual force and its intraoperator variation. A retrospective review of patients treated before and after the introduction of the device was conducted. Predicted and actual outcomes were compared for the two groups (manual closure and deviceassisted closure). Results: Biomechanical testing measured a 75% increase in residual closure force (P < 0.001) and a significant reduction in the variability of the closure force (P = 0.045) for device-assisted closures compared with manual closures. In the retrospective study, 3 of 173 manually closed patients had sterile sternal dehiscence and 1 of 173 had a deep sternal wound infection. In the device closure group, 2 of 127 had a sterile sternal dehiscence and no deep sternal wound infections were reported. No other device-related serious adverse events were reported. Conclusions: Biomechanical data showed stronger, more consistent closure forces with the device. The retrospective data attest to the performance of the device. M edian sternotomy remains the standard surgical approach to the heart because it provides excellent mediastinal exposure, is well tolerated by most patients, and can be rapidly performed. Morbidity due to sternotomy continues to be an important clinical problem, prompting multiple methods of sternal fixation and alternative surgical approaches. Internal fixation of the sternum after sternotomy is most commonly done with stainless steel wire sutures and involves encircling the two halves of the sternum and manually tightening the wires to approximate the sternal edges. Poor approximation of the sternum may lead to complications such as sterile sternal dehiscence, fibrous nonunion, pain due to motion between the sternal halves, and chronic sternal pain. The rate of sternal dehiscence associated with traditional manual closure technique is low, ranging between 0.4% and 3.5% in a variety of studies, but is associated with increased morbidity and mortality.
M edian sternotomy remains the standard surgical approach to the heart because it provides excellent mediastinal exposure, is well tolerated by most patients, and can be rapidly performed. Morbidity due to sternotomy continues to be an important clinical problem, prompting multiple methods of sternal fixation and alternative surgical approaches. Internal fixation of the sternum after sternotomy is most commonly done with stainless steel wire sutures and involves encircling the two halves of the sternum and manually tightening the wires to approximate the sternal edges. Poor approximation of the sternum may lead to complications such as sterile sternal dehiscence, fibrous nonunion, pain due to motion between the sternal halves, and chronic sternal pain. The rate of sternal dehiscence associated with traditional manual closure technique is low, ranging between 0.4% and 3.5% in a variety of studies, but is associated with increased morbidity and mortality. [1] [2] [3] [4] [5] More serious complications related to sternal malunion include superficial and deep sternal infection as well as organ space infection or mediastinitis. [3] [4] [5] [6] Factors that lead to complications of sternal closure are both biomechanical and clinical. Biomechanical factors include the materials and technique of closure. 7, 8 An optimal closure, regardless of material and technique, would provide a uniform distribution of the approximation force along the length of the sternum while resisting the distraction forces caused by breathing, coughing, or other efforts. Although manual wire closure can provide satisfactory fixation, there is no means for ensuring optimal and consistent tightening of the wire cerclage to address these biomechanical needs. Variability exists both within patients, because each wire can have a different tension, and between surgeons because of differences in technique. Wire fracture during closure and postoperatively is a common complication of wirebased closures. These breakages are caused by changes in the material properties of the steel that result in a weaker, more brittle wire. These changes are introduced during twisting but may also be introduced by repeated wire bending with breathing if there is excessive motion in the closure. Sternal approximation of patients with a relatively high body mass index (BMI) may be particularly difficult because the maximal approximation force generated through the twisting action is limited by the number of twists possible before fracture. Patient comorbidities increasing the risk of sternal complications are well documented and include high BMI, poor bone quality, pulmonary disease, and adverse outcomes such as protracted mechanical ventilation and early reoperation. [1] [2] [3] [4] [5] 9 To address these issues, a variety of solutions have been explored. Alternative wire configurations such as the Robicsek technique, figure of eight, and multiple wires have been used to increase stability. [10] [11] [12] Prophylactic Robicsek closure has been used in patients with higher BMI and has reduced morbidity and mortality. 2 In addition, a variety of devices and materials including cables, plates, clamps, and adhesives have been employed in an attempt to improve sternal stability, reduce pain, and prevent sternal infection and dehiscence. [13] [14] [15] [16] The infrequent use of many of these methods can be attributed to their complexity, lack of proven efficacy, and cost.
A device to assist in tensioning and twisting of conventional sternal wire sutures has been developed to increase the force applied to the sternum by the wire, improve consistency in loop tension, and prevent metal fracture. A bench top biomechanical study comparing the closure effectiveness of interrupted straight wire between manual closure and device-assisted closure was conducted to test the hypothesis that the device-assisted closures provided a higher tension and a stronger and more consistent closure. In addition, a retrospective review of patients closed with the aid of the device by a single surgeon was compared with a historical cohort to assess device performance.
Technique
The TORQ sternal closure device (Kardium Inc, Burnaby, BC Canada) is a commercially available, single-use device that works with standard stainless steel wires swaged to cutting needles used in closure after median sternotomy (see Video, Supplemental Digital Content 1, http://links.lww.com/ INNOV/A151 which shows the device in use). The end of the wire without the needle is preloaded into a hole on the winding shaft of the device (Fig. 1) . The suture is then threaded through or around the sternum and manubrium in the desired locations. The suture needle is cut off, and the other wire end is inserted into the second winding shaft hole. The procedure is repeated for all suture wires. The excess wire is fitted into a slot and the slack is taken up by rotating the winding handle, which approximates the sternum (Fig. 1) . The flat tip of the device abuts the sternum of the patient at the completion of approximation (Fig. 2) . Once the desired tension is achieved, the wire portions within the slot are mechanically twisted, with twists created from the tip of the device downward, by turning the head of the device, which locks the cerclage and maintains the established tension. In this way, tension is applied to the wire longitudinally and, unlike conventional manual wire closure, is applied independently from the twisting action. This allows for a greater closure force to be applied and preserves the mechanical and material integrity of the wire. At the completion of the twisting phase, the wire cuts automatically at the top of the twist and the excess wire and device are removed. This "self-cutting" action eliminates the need to manually cut the wires. The device is not left in the patient and no other additional hardware is required.
METHODS

Biomechanical Assessment
To evaluate the performance of the device-assisted closure technique, a bench top study was conducted. A custom jig was used to simulate the rib cage and sternum during closure (Fig. 3) . It consists of four steel ribs, two on each side, attached to a base at one end and to a section of a sternal model made of rigid polyurethane at the other (Pacific Research Laboratories Inc, Vashon, WA USA). The sternal model was cut lengthwise to mimic a midline sternotomy. Without force applied to the sternal halves, the jig had a 15-mm gap between the halves. Resistance to approximation was provided by the steel ribs that were tuned to mimic the forces experienced in vivo. A 2500-N load cell (Measurement Specialties, Hampton, VA USA) was mounted parallel to the gap and was loaded as the two sternal halves were approximated. Load cell data were collected using customized software (National Instruments Corp, Austin, TX USA).
Four experienced cardiac surgeons were recruited to each perform 10 consecutive single wire closures using each of two methods: standard manual interrupted wire closure and deviceassisted interrupted wire closure. The four surgeons had previous experience with the device on the bench and in clinical settings. Size 7 (0.9-mm diameter) surgical stainless steel suture wire was used (Ethicon Endo-Surgery, Somerville, NJ USA). Residual force measured after completion of the closure was recorded. Care was taken not to provide performance feedback to the surgeon during the tests so as to avoid any bias and to minimize adaptation.
Retrospective Clinical Data
Ethical approval for the clinical retrospective review was obtained from the institutional ethics review board. Clinical data were excerpted from a chart review of adult patients who underwent cardiac surgery requiring sternotomy from December 1, 2008 to August 31, 2011, by a single, senior surgeon (J.G.A.). The device was introduced in this surgeon's regular practice on April 1, 2010. It was expected that approximately half of the patients treated in this period would have been closed with the device. Patient files were reviewed for risk factors and different adverse outcomes as defined by The Society of Thoracic Surgeons (STS) risk calculator (http://riskcalc.sts.org/, accessed November 1, 2011). Only those patients who underwent coronary artery bypass graft (CABG), valve, or CABG and valve were included, because these are the only procedures for which the predicted risk can be calculated using the STS risk calculator. Based on the baseline risk factors, predicted risk scores were calculated for individual patients using the STS risk calculator for nine different outcomes [mortality, combined mortality and morbidity, long length of stay (LOS), short LOS, permanent stroke, prolonged ventilation, deep sternal wound infection (DSW), renal failure, and reoperation]. Reoperation for any reason, including sternal complications, was recorded.
Statistical Analysis
In the biomechanical assessment, O'Brien test for homogeneity of variance was used to test for a difference in variances of residual force between the two closure-type groups controlling for surgeon. Differences in the means of residual force between the closure types are assessed using analysis of variance (ANOVA) with surgeon as a blocking factor. A nonparametric Friedman test was performed as a sensitivity analysis to confirm the results of the ANOVA because the homogeneous variance assumption for ANOVA was rejected in the O'Brien test.
In the retrospective clinical review, the observed outcome rates were compared between the two closure types using a χ 2 test or a Fisher exact test, as appropriate. Observed LOS was compared using a Mann-Whitney U Test. The STS predicted risk scores, a marker for patient baseline risk profile, were compared between closure types using Wilcoxon rank-sum test. Logistic regression analyses adjusting outcomes by the STS predicted risk scores were also performed to account for the impact of different baseline risks in the comparisons of patient outcomes between the two groups. A Firth adjusted estimate was used in the logistic regression for mortality, stroke, and DSW because these did not occur in the device group. A P value of less than 0.05 was considered statistically significant. Analyses were performed in SAS 9.4 (SAS Institute, Cary, NC USA).
RESULTS
Biomechanical Results
Means and SDs of residual closure forces for each surgeon by closure method are given in Table 1 and the closure force measurements are shown graphically in Figure 4 . The average residual 
Retrospective Clinical Results
Three hundred patients met the STS risk factor inclusion criteria. Of those, 173 were closed with traditional manual techniques (manual group) and 127 were closed with the aid of the device. Patient demographics are shown in Table 2 . The manual group had significantly higher levels of preoperative creatinine in comparison with the device group (P = 0.027) with five patients (2.9%) on dialysis, whereas the device group had no patients on preoperative dialysis (P = 0.04).
The STS calculator predicted risks of different outcomes are shown in Table 3 . There were significant differences between the groups for predicted risk of combined mortality and morbidity, prolonged ventilation, and renal failure. There were no significant differences in observed outcomes between device and manual closure (Table 4) after adjusting for the baseline predicted risks. More patients in the manual group had a LOS (12.7% vs 7.9%). Similarly, more patients in the device group had a short LOS (29.5% vs 35.4%). However, neither difference reached statistical significance. The median (interquartile range) LOS was 7.0(5.0-9.0) days for the manual group and 6.0(5.0-9.0) days for the device group (P = 0.242).
In the manual group, there were five patients (2.9%) who required reoperation. Three were for early bleeding, one of whom had a subsequent sterile dehiscence at 2 weeks, and another who died in hospital of acute respiratory distress syndrome and sepsis. Two patients had late sterile dehiscence and were rewired. The combined sternal non-union rate requiring reoperation therefore was 3 of 173 or 1.7% for the manual closed group. Two other patients died at day 26 and day 106 of other causes without sternal complications, and one patient had a DSW not requiring reoperation.
Within the device group, five patients (3.9%) required reoperation, four for early bleeding not related to the sternal closure and one for a sterile sternal dehiscence (rate of occurrence = 0.8%) in a patient with a BMI of 42.9 and delirium. One additional patient with chronic obstructive pulmonary disease and BMI of 30.6 had reoperation at 254 days postoperatively for a sterile sternal non-union and had debridement and a Robicsek closure. This patient was not included as a reoperation in the statistical model because this was outside of the initial hospitalization and 30-day postoperative window. One patient had a superficial sternal infection. The combined sternal non-union rate requiring reoperation therefore was 2 of 127 or 1.6% for the device group.
DISCUSSION
Although the incidence of complications with median sternotomy closure remains low, the impact on the patient can be serious. This article describes the use of a simple device to tighten and twist sternal wires in a more consistent method during median sternotomy closure compared with conventional wire twisting. This device was developed to address the issues of consistency and wire fracture during sternal closure and to improve the resulting stability of the fixated sternum. The biomechanical portion of this study showed an average of 75% increase in closure force using a single sternal wire and verified the hypothesis of a decrease in variability of the closure strength between individual wires (Fig. 4, Table 1 ).
Manual wire closure strength and performance are affected in part by the mechanisms of tensioning and twisting and their impact on the properties of the steel sutures. Manual closure can be described as having two components: the approximation phase, during which the sternal halves are brought together and held in place with a series of loose twists, and the simultaneous tensioning and twisting phase, which provides the approximation force and secures the cerclage through twisting. Although most slack in the cerclage is taken up during the first phase, little fixation force is created to hold the sternal halves in approximation. The remaining slack is taken up and tension in the cerclage is induced through twisting. As the strands are twisted using needle drivers or similar instruments, excess wire is drawn up from around the sternum, increasing tension in the wire and the fixation force. The twisted section extends downward toward the sternum during twisting and, as tension increases, may begin to wrap around itself. This creates areas of high stress in the wire twists close to the sternum and induces plastic deformation of the wire in the form of narrowing. A change in luster of the steel may also be seen. The material in the plastically deformed region is prone to fracture that can occur with further twisting during the procedure or upon an increase in loading of the cerclage postoperatively during events such as coughing. 17 This is the most common problem limiting the force of sternal closure in large patients where wire fracture during closure is common. In patients requiring reoperation for sternal dehiscence, wire fracture at the base of the knot is common.
Separation of the tensioning and twisting components has been shown to improve the strength of the cerclage. 18, 19 The device functions on this principle. The device first tensions the wire and removes any slack around the sternum through one action before twisting the wire with another. Approximation of the sternum is achieved during the tensioning phase. The amount of tension introduced is controlled by the user through the device. The twisting phase does not increase the wire tension further; it only secures the cerclage while maintaining the established tension. The mechanics of the twist creation by the device is notably different from manual closure. The first twist forms at the level of the sternum with subsequent twists stacking on the initial one, growing the twist section away from the sternum. Tension in the wire above the twist stack within the shaft of the device, in combination with the twisting action, initiates the "self-cutting" action after four to five rotations. To do this, the device uses a similar mechanism of fracture as described for the manually induced wire fracture. However, in the device, the fracture mechanism is induced above the twist stack and does not compromise the integrity of the wire cerclage because no deformation is induced in the wire near the sternum.
In an ideally closed sternum, each wire cerclage resists an equal amount of force without allowing motion of the sternal halves. If laxity is present in one or more of the wire cerclages, the other wires will be subject to an increased load. This increase in force is transmitted to the bone underlying the wire, increasing the risk of the wire cutting through the bone. In the biomechanical tests, the variability between closures with the device was significantly less than with manual closures. The approximation force was increased with the aid of the device in comparison with manual closure, and it was much easier to get tight approximation of the sternum and manubrium in large patients using the winding handle of the device. Closures with the aid of the device will result in stronger fixation of the sternal halves while reducing the likelihood of unequal distribution of force along the length of the sternum.
The two cohorts reviewed in the present clinical study were not significantly different in their demographics, except for creatinine level and preoperative dialysis. These factors were likely the greatest contributor to differences in the STS-predicted risks of combined mortality and morbidity, short LOS, prolonged ventilation, and renal failure. For both groups, the actual rates of short and long LOS were less than and greater than the predicted rates, respectively. This is indicative of longer than predicted average LOS for both groups. As a single centre study, this may be the result of differences in institutional care and differences between the US and Canadian health care systems, including financial incentives for shortened LOS because of hospital payment structures and the more common use of step-down care facilities in the United States. [20] [21] [22] These differences between the STS and Canadian patient populations may limit the validity of comparisons of observed to predicted outcomes; however, the FIGURE 5. Computed tomography images from two patients, one closed manually and one closed with the device. Both images were taken 2 weeks after procedure.
